Abstract: Configuration-constrained potential-energy-surface calculations have been performed to investigate the K isomerism in the proton-rich A ∼ 80 mass region. An abundance of high-K states are predicted. These high-K states arise from two and four-quasi-particle excitations, with K π = 8 + and K π = 16 + , respectively. Their excitation energies are comparatively low, making them good candidates for long-lived isomers. Since most nuclei under studies are prolate spheroids in their ground states, the oblate shapes of the predicted high-K states may indicate a combination of K isomerism and shape isomerism.
Introduction
Isomers, as metastable states of atomic nuclei which are arguably the most complex quantum many-body systems, have provided valuable insights into nuclear structure and played a unique role in the development of nuclear structural theories. Recently, they have also been shown to be instrumental in the advancement to the island of stability [1] . Practically, efforts are well under way to harness their potential as a form of energy storage [2] .
In terms of underlying mechanisms, there are three types of nuclear isomers: shape isomers [3, 4] , spin traps [5, 6] and K traps [7] [8] [9] . The first type arises when a nucleus can have distinct shapes and the difference between those shapes is large enough to effectively block the transition from one shape to another. The two latter types owe their occurrence to selection rules of angular momentum in electromagnetic transition. Specifically, transitional forbiddance due to a substantial change in the magnitude of nuclear spin leads to spin traps, while that due to a substantial change in the orientation of nuclear spin leads to K traps [10] .
The proton-rich A ∼ 80 mass region has been under intensive studies for its intricate manifestation of shape coexistence [11, 12] and importance in the rp process [13] [14] [15] . Incidentally, 72 Kr turns out to be another good example of shape isomerism [16, 17] , as distinguished from fission isomers. Less discussed is the K isomerism in this region [18] . In fact, the relevant Nilsson diagram shows that this mass region is rich in large subshell gaps [12] . These subshell gaps not only play a decisive role in the stabilization of deformation by providing extra energy reduction in shell correction, but also facilitate the emergence of quasi-particle states through a similar mechanism. The present work searches this mass region for candidates for high-K isomers by means of configurationconstrained potential-energy-surface (PES) calculations, which have proved to be a successful approach to the description of quasi-particle states [10, 19] .
Theoretical framework
The configuration-constrained potential-energy surface method [19] is a macroscopic-microscopic approach that is aimed at the description of the multi-quasiparticle excitation of nuclei. It employs the standard liquid drop model [20] as the macroscopic part and the Strutinsky shell correction [21] as the microscopic part. The latter, in detail, consists of single-particle energies, pairing interaction and Pauli-blocking effects.
Single-particle levels are obtained with a triaxially deformed Woods-Saxon potential [22, 23] , using the universal parameter set [24] . To properly account for nuclear superfluidity, monopole pairing is incorporated, whose strength G is determined by the average gap method [25, 26] . An approximate particle-number projection, known as the Lipkin-Nogami method [19, [26] [27] [28] is implemented in order to reduce the fluctuation in particle number and therefore avoid spurious pairing collapse. At each grid point (β 2 , γ) on the quadrupole deformation plane, the Lipkin-Nogami equation is solved and shell correction calculated, which, combined with the macroscopic energy gain due to deformation, gives the total potential energy of the nucleus. Then, this potential energy is further minimized with respect to the hexadecapole deformation β 4 to take into account possible high-order deformation. The minima on the obtained potential-energy surface correspond to equilibrium shapes of nuclei. So the potential-energy-surface method is pairing-deformation self-consistent. Moreover, by means of the averaged Nilsson quantum numbers, an identifying method has been devised [19] and makes it possible that certain single-particle orbitals can be traced and blocked for all calculated deformations, resulting in configuration-constrained potential-energy surfaces.
Results and discussion
Single-particle Energy (MeV) [22, 23] with the universal parameter set [24] .
Single-particle levels of the neutrons of 74 Kr are calculated with the Woods-Saxon potential and plotted in Fig. 1. The single-particle level scheme for its protons are similar, except that the levels are approximately 8 MeV higher because of coulomb force. Indeed, the Nilsson diagram in Fig. 1 is typical for the A ≈ 80 mass region. The abundance of subshell gaps complicates the scenarios of shape coexistence [12] and yet favors the forming of quasi-particle states. In particular, in the splitting of the g 9/2 spherical subshell, two high-Ω orbitals, 7 2 [413] and 9 2 [404], dive rapidly with increased oblate deformation, giving rise to subshell gaps at Z(N ) = 36, 40. It has been observed experimentally that the g 9/2 orbitals can play a key role in driving nuclei to different shapes [29] .
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An analogous case occurs in 80 Zr, except that the nucleus is here, in perfect agreement with experiment [31] , prolate deformed in the ground state (see Fig. 3 ), due to a more significant subshell gap at Z(N ) = 40 in the prolate direction (see Fig. 1 ). The high-K states persist although less deformed, with an oblate deformation of β 2 ∼ −0.18. This indicates that the unpaired nucleons could exert a strong shape-polarizing effect on the whole nucleus, driving it from a prolate shape in the ground state to an oblate shape in excitation. This effect has been discovered in other mass regions [32, 33] and is recognized as a characteristic of quasi-particle excitation. In consequence, the potential-energy surfaces for the fourquasi-particle states look more rigid than those for the two-quasi-particle states (obvious in Fig. 3 but less so in Fig. 2) , signifying enhanced stability of deformation. In fact, we have searched systematically the protonrich side of the A ∼ 80 mass region for candidate nuclei, in which quasi-particle states with the configurations above could emerge. The results are tabulated in Table 1 . Apparently, most calculated isotopes are prolate in their ground states. Yet through the shape-polarizing effect of unpaired nucleons, a wealth of high-K states with oblate deformations are suggested by our calculations. The excitation energies of two-quasi-particle states (K π = 8 + ) are generally around 3 MeV and those of fourquasi-particle states (K the transition deexciting them are almost certainly Kforbidden, leading to high-K isomers. Besides, for those nuclei which are prolate spheroids in their ground states, the deexcitation of the high-K states are probably further hindered due to shape alteration. Table 1 are divided into two groups, with the two-quasineutron states of isotopes with N > Z versus the two-quasi-proton states of their mirror partners in one group (labelled as '8 + (2qn,2qp)' in the legend) and the reverse in the other (labelled as '8 + (2qp,2qn)').
An interesting observation about Table 1 is the symmetry between mirror pairs, which is shown more clearly in Fig. 4 . The two-quasi-neutron states of isotopes resemble the two-quasi-proton states of their mirror partners and vice versa, especially in terms of deformation. The same is also true of the K π = 16 + states. This isospin symmetry could be traced to the universal parameter set [24] of the Woods-Saxon potential, which was fitted to experimental data across the nuclear chart. In this parameter set the values for protons and neutrons are very close. The tiny but systematic upshift of the excitationenergy data points (see the right panel of Fig. 4) probably has something to do with Coulomb force.
There are many possible reasons why none of such isomers have been found yet. One relevant fact is that many of the calculated nuclides are rather proton-rich and some have even not been discovered ( 76 Zr, for instance), so accumulated experimental information on them is comparatively scant. Another reason is that experimental efforts directed to this mass region have been mainly focused on the phenomenon of shape coexistence [12] and the roles that nuclei in this region play in astrophysical processes [15] . In addition, the predicted isomers are likely to be very long-lived and the gamma rays deexciting them therefore could be both delayed and subdued. So it cannot be ruled out that the predicted high-K states might have eluded all detections so far.
Summary
K isomerism in the proton-rich A ∼ 80 mass region has been studied by means of configuration-constrained potential-energy surfaces. Our calculations predict a large quantity of high-K states. Two quasi-protons or quasi-neutrons with the configuration { + states occur. These high-K states have comparatively low excitation energies, making them potential long-lived isomers. Since most of the calculated isotopes are prolate deformed in their ground states, the oblate deformation of the high-K states suggests a combination of K isomerism and shape isomerism.
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